Introduction
In recent years, it was realized that designing wireless digital communication systems to more efficiently exploit the spatial domain of the transmission medium, allows for a significant increase of spectral efficiency. These systems, in general case, are known as Multiple Input Multiple Output (MIMO) systems and have received considerable attention of researchers and commercial companies due to their potential to dramatically increase the spectral efficiency and simultaneously sending individual information to the corresponding users in wireless systems. In MIMO channels, the information theoretical results show that the desired throughput can be achieved by using the so called Dirty Paper Coding (DPC) method which employs at the transmitter side. However, due to the computational complexity, this method is not practically used until yet. Tomlinson Harashima Precoding (THP) is a suboptimal method which can achieve the near sum-rate of such channels with much simpler complexity as compared to the optimum DPC approach. In spite of THP's good performance, it is very sensitive to erroneous Channel State Information (CSI). When the CSI at the transmitter is imperfect, the system suffers from performance degradation. In current chapter, the design of THP in an imperfect CSI scenario is considered for a MIMO-BC (BroadCast) system. At first, the maximum achievable rate of MIMO-THP system in an imperfect CSI is computed by means of information theory concepts. Moreover, a lower bound for capacity loss and optimum as well as suboptimum solutions for power allocation is derived. This bound can be useful in practical system design in an imperfect CSI case. In order to increase the THP performance in an imperfect CSI, a robust optimization technique is developed for THP based on Minimum Mean Square Error (MMSE) criterion. This robust optimization has more performance than the conventional optimization method. Then, the above optimization is developed for time varying channels and based on this knowledge we design a robust precoder for fast time varying channels. The designed precoder has good performance over correlated MIMO channels in which, the volume of its feed back can be reduced significantly. Traditionally, channel estimation and pre-equalization are optimized separately and independently. In this chapter, a new robust solution is derived for MIMO THP system, which optimizes jointly the channel estimation and THP filters. The proposed method provides significant improvement with respect to conventional optimization with less increase in complexity. Table 1 . Corresponding Equalization Strategies for ISI Channels and MIMO Channels.
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The Principle of THP
The information theory idea behind the THP is based on Costa's "writing on dirty paper result" for interference channels [4] , which can be informally summarized as follows:
"When transmitting over a channel, any interference which is known apriori to the transmitter does not affect the channel capacity. That is, by appropriate coding, transmission at a rate equal to the capacity of the channel without this interference is possible."
If we extend the Costa precoding concepts for multiple antenna with Co-Antenna Interference (CAI) then THP structure can be obtained [1, 3] . Consider these subchannels in some arbitrary order. In this case, the encoding for the first subchannel has to be performed accepting full interference from the remaining channels, since at this point the interference is unknown. For the second subchannel, however, if the transmitter is able to calculate the interference from the first subchannel, "Costa precoding" of the data is possible such that the interference from the first subchannel is taken into account. Generally, in the k th subchannel considered, Costa precoding is possible such that interference from subchannels 1 to k-1 is ineffective. We can apply this result to the MIMO channel [5] : If the precoding operation contains a Costa precoder, no interference can be observed from lower number subchannels into higher number subchannels. Note that it is possible to transform H into a lower triangular matrix with an orthonormal operation [6] . In this way interference from lower-index subchannels into higher-index subchannels is completely eliminated, and together with Costa precoding adjusted to this modified transmission matrix, effectively only a diagonal matrix remains for the transmission. It turns out that a simple scheme for Costa precoding works analog to the feedbackpart of DFE, now moved to the transmitter side and with the nonlinear decision device replaced by a modulo-operation. This is also known as THP [7, 8] , and the link between THP and Costa precoding was first explored in [9] .
MIMO-THP system model
The base station with T n transmit antenna and R n user (in which R T n n ≤ ) with single antenna can be considered as MIMO broadcast system. A block diagram of this MIMO system together with THP is illustrated in Fig. 1 and is briefly explained here. The T Fig. 1 . THP model in a MIMO system Then the resultant signal is fed to modulo-operator, which serve to limit the transmit power. The output signal of modulo-operator is then passed through a feed forward filter to further remove the interference from future users [10] . Finally, the precoded signal is launched in to the MIMO channel. As all interferences are taken care of at the transmitter side, the receivers at the mobile user side are left with some simple operations including power scaling (diagonal elements of matrix G ), reverse modulo-operation, and single user detection. According to Fig. 1 , the base band received signal can be modeled as:
where
are transmitted, received, channel and noise matrices, respectively ( C denotes complex domain). The elements of the noise vector are assumed as independent complex Gaussian random variables with zero mean and variance σ n . The elements of matrix H are considered as complex Gaussian random variables (i.e. flat fading case). In other words, the channel tap gain from transmit antenna i to receive antenna j is denoted by ji h which is assumed to be independent zero mean complex Gaussian random variables of equal variance, that is
. The operation of THP is related to the employed signal constellation A . Assume that in each of the parallel data streams an M -ary square constellation ( M is a squared number) is employed where the coordinates of the signal points are odd integers, i.e., )}} 1
. Then the constellation is bound by the square region of side length M t 2 = which is needed for modular operation [3] . Note: In the rest of the chapter, for means of simplicity, the number of transmit and receive antennas are assumed to be the same (i.e., K n n R T
= =
). Also, we consider the flat fading case. Whenever these assumptions are not acceptable we clarify them. The lower triangular feedback matrix B , unitary feed forward matrix F and diagonal scaling matrix G can be found by ZF or MMSE criteria as [11] . The received signal before modulo reduction can be given as:
where Gn n = ,and d a v + = is effective input data, and d is the precoding vector used to constrain the value of x [13] . If ZF criterion is used, it requires
. Thus, the 
is a lower triangular matrix. The error covariance matrix can be shown as:
i.e, the noise is white. If MMSE criterion is used the matrix R can be found through Cholesky factorization of [5] :
where 2 2 / a n σ σ = ζ . The matrices G , B and F can be found as:
The error covariance can be shown as:
i.e. error can be considered as white.
In outdated CSI case, the system model, which is considered in Fig. 1 , operates in a feedback channel where the CSI is measured in downlink and fed to the transmitter in uplink channel. Time variations of channel lead to a significant outdated (partial) CSI at the transmitter. In fact there will always be a delay between the moment a channel realization is observed and the moment it is actually used by the transmitter. [13] . We assume that the channel error has Gaussian probability density function with moments
[ . According to Fig. 1 , the received signal can be considered as:
where Gn n = and v is effective data vector [12] . If ZF criterion is used, it requires:
The processing matrices B G R , , and F can be found by doing Cholesky factorization of 
where Gn HFx G n w e + Δ = + =~ is considered as an error vector and the term w stands for channel imperfection effect due to outdated CSI. The error covariance matrix can be obtained as:
Note that, with a small channel error assumption (i.e. 0 → ΔH C ), the error covariance matrix in an imperfect case tends to the error covariance matrix in a perfect case, i.e. 
MIMO-THP capacity
The first attempt to calculation of achievable rates of THP is done by Wesel and Cioffi in [15] . The authors considered THP for discrete-time SISO consists of Inter-Symbol Interference (ISI) and AWGN. They derived an exact expression for maximum achievable information rate for ZF case and provided information bound for MMSE case. In this section, we develop the achievable rates analysis provided in [15] for MIMO-THP in flat fading channel. We obtain the maximum achievable rate and some upper and lower bounds of it for ZF and MMSE cases with perfect and imperfect CSI.
Achievable rates of point-to-point MIMO-THP
Consider a point-to-point MIMO system with THP as Fig. 2 . The received signal vector can be expressed as:
where w is residual spatial interference after MMSE criterion on THP filters (in the ZF case 0 = w ) and (.) t Γ is modulo t operator so eliminate its output on interval
As GFn n = ′ is white Gaussian noise and with the www.intechopen.com MIMO-THP System with Imperfect CSI 211 assumption that
(so that symbol ⊥ stand for statistical independence) the received vector r can be decoupled in K parallel streams as 1 [17] :
Because of the decoupling of the received information symbols in (14) and assuming independence between elements in a the mutual information between the transmitted symbols and the received signal vector can be expressed as the sum of the mutual information between elements of each vector:
where (.) I denote mutual information. Each term in the sum is independently can be considered as:
where (.) h denotes differential entropy. Calculation of the above mutual information seems to be difficult and we try to find an upper and lower bound of (16) by some approximations. Remark 1: An upper bound on the achievable rate of the channel produced by MMSE-THP of (16) can be found as [17] :
Also, the upper bound can be obtained essentially by neglecting the spatial interference term k w in (16) [17] . The lower bound depends largely on the variance of k w [15] . A lower bound on achievable rate can be found as [17] :
Thus, a truncated Gaussian [17] with variance of ( )
produces a slightly tighter bound but requires the computation of ( )
The upper bound attained in (17) can be simplified if some approximations are allowed so that a quasi-optimal (or sub-optimal) closed form solution can be found. This approximations can be done based on the value of σ / t (See [17] ).
General THP in point-to-point MIMO with perfect CSI
Whenever CSI is available at the transmitter in a communication system, since the transmitter has knowledge of the way the transmitted symbols are attenuated and distributed by the channel, it may adjust transmit rate and/or power in an optimized way.
For instance, in the multi-antenna scenario some of the equivalent parallel channels might have very bad transmission properties or might not be present at all. In this situation, the transmitter might want to adjust to that by either dropping some of the lower diversity order sub channels or by redistributing the data and the available transmission power to improve the average error rate. This can be done by generalization of THP concepts as GTHP by enabling different power transmission for each antenna. GTHP can be done in two main scenarios [17] : First: If the loading is made according to capacity of system; this structure enables different transmission rate per antenna. Second: If it is needed to ensure reliable transmission rate for each antenna, the loading should be made according to minimize error rate of system. Here we consider two different optimization scenarios for loading strategies of THP and extend it's concept in structure that t is not constant, so the modulo interval is different for each sub channel ( k t ) [17] .
Capacity criterion
In this section, the power adaptation strategy of the second type of GTHP concept is employed. The optimal power allocation is calculated in MIMO-GTHP systems, while regarding the modulation schemes is given. If the loading is made according to capacity of system, this structure enables different transmission rate per antenna. One of the good features of this scenario is that it is scalable architecture, because it allows adding or removing transmitters without losing the precoding structure as explained in [16] . If a assumed as an i.i.d. uniform distribution on T, for such a case, x is also i.i.d. uniform on T (regardless of the choice of matrix B ). Thus the transmitted power from k th antenna will be
). Its corresponding rate will equal the maximum achievable mutual information in (17):
Then the maximum achievable rate for a system with THP will be the maximum of the sum of the rates of each stream subject to a maximum total transmitted power constraint, i.e.
In order to maximize (20) we assume that all the available streams are classified into two groups 2 (g -Gaussian and u -uniform) based on σ / t values [16] . As shown in [17] , the achievable rate of streams belonging to u tends to zero; no power is assigned to these streams, i.e.
. Thus the solution of the maximization problem in (20) can be found as assigning the same power to the entire stream in g (and no power to those in u ).
The optimal solution can be shown to be [17] :
where g denotes the number of active antennas and 2 ' k n σ is variance of k n' . Then some kind of adaptive rate algorithm is necessary to achieve the maximum capacity of the GTHP.
Minimum SER criterion
In some application it is needed to ensure reliable transmission rate for each antenna (especially in MIMO broadcast channels). In this section we try to find the optimal sub channel power allocation in MIMO GTHP systems, while regarding the modulation schemes is given. As mentioned, for each sub channel we have:
where we assumed that k w tend to zero. For simplicity assume MQAM transmission in all sub channels is used. In this case the approximate average SER for a fixed channel H simply given as [17] :
and we assumed modulation order (i.e. k M ) can be varied for each sub-channel, so that variable bit allocation is possible (that we didn't consider here). In this case we have [17] :
where 2 2 (1 ) 
holds which can be found by using some classical methods as denoted in [17] . On the other hand, ) (x W is a concave and unbounded function with
, the unique solution for
can be found by the following simple iterative procedure [14] : i. Chose a small positive Λ which satisfy
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is not yet sufficiently close to T E , multiply Λ by
according to (24) .
is monotonic function, then according to relation (24) the highest power ) (max k E assign to the weakest signal so that the SNR value almost stay constant for all sub channels.
Achievable rate in imperfect CSI
In [17] the scheme proposed in [18] for MIMO THP system was modified by allowing variations of the transmitted power in each antenna. The authors stated the problem of finding the maximum achievable rate for this modified spatial THP scheme and found that Uniform Power Allocation (UPA) with antenna selection is a quasi-optimal transmission scheme with a perfect CSI. In this sub-section, based on previous researches about SISO and point-to-point MIMO channels, an analytical approach to attain the maximum achievable rate bound in an imperfect CSI case is developed for broadcast channel. It will be shown that this bound depends on the variance of the residual Co-Antenna Interference (CAI) term. Moreover, it will be shown that the power allocation obtained by the UPA in [17] is sub-optimal in an imperfect CSI, too.
Maximum achievable rates
The received signal after modulo operation can be considered as
can be considered as an unknown interference with an i.i.d. distribution. Also, for such an a , z is i.i.d. uniform on T . In this case, the received information can be decoupled in K independent parallel data steams and the mutual information between th k element of data vector, k a , and the corresponding element of the received signal, k z , is [13] : In the case where, the above assumption is true, the mutual information expression (27) can be very well approximated as [13] : The achievable rates for THP in an imperfect CSI case will then be the sum of the mutual information of all K parallel steams as [13] :
Observed that C (or k χ ) depends on three components: 2 2 , kk kj r δ and k p . In order to maximize k χ , some kind of spatial ordering is necessary in order to maximize it. For this purpose, it is required to decompose H (in Cholesky factorization) so that the elements of 2 kk r to be maximized (finding the ordering matrix similar to [11] ). On the other hand, it was assumed that by making small error assumption, k e can be approximately modeled as a complex Gaussian random variable. This is equivalent to assuming . With this assumption, the minimum mutual information will be attained for each term in the summation. Then, the resulting maximization problem leads to [13] : The resulting maximization problem is a standard constrained optimization problem, and can be solved with the use of the Lagrange method in which the solution result is . const p k = It means that the k p is independent of k , i.e the distribution of the power, in worst-case, is UPA.
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Note that, if we consider different noises with different powers for each user, the distribution of power may not be the UPA.
Capacity loss
In the previous section, it is shown that the capacity of MIMO-THP can be obtained by the UPA. More over, it can be observed from (32) that this capacity, in worst case, depends on the channel error value (i.e. α ). We define the capacity loss as difference between the capacity of MIMO-BC-THP in a perfect CSI and in an imperfect CSI, i.e. relation (32), as [19] : [19] . It means that this bound depends on SNR value and is acceptable for high SNR value, i.e., this capacity loss bound is asymptotic bound for worstcase in which bounds the capacity loss of MIMO-THP . It is desired to bounding the capacity loss of optimal solution of (29). Assume 2 C is the capacity of optimal solution that can be obtained by exactly analysis or by numerical simulation. In this case we can bound
where ε is a positive value. The lower bound can be obtained by choosing
. In simulation we refer (35) as theoretic loss.
Spatial ordering
The VBLAST-Like ordering can be used in order to improve the power loading performance of MIMO-GTHP system in Fig. 1 [1] . To do this, since the loading is based on the SNR values of the equivalent parallel sub-channels, which in turn are proportional to 2 kk r , the distribution of these diagonal entries is an essential parameter in power loading performance. It turns out that by introducing a permutation matrix in the decomposition of H, i.e, allowing different ordering of the sub channels, the distribution of the It means that in the cholesky factorization of (4), the decomposition should be made so that the square value of diagonal elements of matrix R minimized. It means that the matrix P is selected so that the column of H corresponding to minimum square value of diagonal elements of G is permuted to the left. Deleting this column from the matrix H, and forming the cholesky factorization of this modified matrix, we can obtain second column of matrix P. Continuing this way, constantly updating P, the decomposition of H is constructed. The pseudo-code for the algorithm is given in Fig. (3) . Note that for ZF or MMSE-THP, the system performance will be dominated by the signal component with the largest noise variance, and we can find the ordering algorithm in the minimax noise variance sense as [1] .
Simulation and results
Perfect CSI
The mutual information for real k x with i.i.d uniform distribution on the module interval [-t/2, t/2) is plotted in fig. 4 , where the average transmitter energy is 12 / 2 t . This figure also shows the mutual information curves for the upper (17) and lower (18) bounds for each sub channel. For comparison we also plotted the well-known AWGN channel capacity (with no ISI). Observe that the upper bound lies above the AWGN capacity and lower bound lies below this capacity (especially for high SNR values). Figs. 5 and 6 give the performance comparison of the MMSE-GTHP with/without power loading (relation (24)) when 4QAM and 16QAM modulations are used, respectively. From these figures, it is clearly seen that the MMSE-GTHP with ordering can achieve better performance than the MMSE-GTHP with or without power allocation (4QAM or 16QAM,). When 4QAM modulation is used, at BER=2×10 -4 we can observe that the MMSE-GTHP with power allocation achieves about 7dB gain, while this structure with power loading and ordering gives about 11.5dB gain. When 16QAM is used, at BER=5×10 -4 the MMSE-GTHP with power allocation gives approximately 6.5dB gain, while this structure with power loading and ordering gives about 10dB gain. As can be seen from these figures, the performance of power loading is noticeable, especially when it combined with sub-channel ordering.
Imperfect CSI
For simulation purposes we have considered K=4 users. 
Robust MIMO-THP
Design criterion
The error, that is needed to be considered for the system illustrated in Fig. 1 , should be the difference between the effective data vector v and the data vector entering the decision module y , i.e.:
The MMSE solution should minimize the error signal as: 
The matrices rr Φ and xr Φ can be computed by using (36) as [13] : is assumed. The matrix R can be found through Cholesky factorization of (42) and the matrices G, B, and F can be obtained as [13] : Using the B, F and G obtained in (43), the error covariance matrix can be computed as [13] :
It means that the error covariance matrix in imperfect CSI is the sum of covariance matrix in perfect CSI plus the term
. This term tends to zero with low channel error assumption (perfect CSI), i.e.:
In this case, R can be found through: 
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The above results (45-47) are the same as [12] , where it is assumed that the perfect CSI is available. In this section, relations 45 to 47 are referred to as conventional optimization and relations (42-44) are referred to as robust optimization.
Robust optimization with channel estimation consideration 4.2.1 Channel estimation
The received signal at the base station during training period (uplink) , at time stand i, can be modeled as [13] :
During the training period of N symbols in uplink transmission, the received signal can be constructed as [13] :
and A(i) can be constructed as block diagonal matrix with elements of a(i) T 
with the covariance matrix of: 
Improved robust optimization
In the robust optimization, only THP filters were optimized according to the MMSE criterion and the channel estimator was optimized separately from THP. Here, the above solution is extended to optimize THP filters together with the channel estimator conditioned on observed data. In this case, cost function should be optimized with respect to THP filters and the observed data. Thus, the goal is to optimize the precoder directly based on the available observation y s . Based on the linear model of (49) . In order to optimize the THP filters, the cost function in the previous section should be modified conditional to the observed data, i.e.:
By using the orthogonallity principle, the MMSE solution should be equivalent to:
As relation (39) it is possible to write [13] , 
In this case, the error covariance matrix has the form [13] :
It means that the improved robust optimization can be done by replacing H C Δ in the robust optimization with its equvalent, i.e. 
Power loading in imperfect CSI
In sub-section 3.4, we discussed about power loading of point-to-point MIMO-THP in perfect CSI. Now we develop this power loading in MIMO-BC-THP for imperfect case.
Optimal solution
It is easy to approximate the SER of each sub-streams for imperfect CSI as [13] : 
Where, similar to previous section, the worst-case is assumed, i.e., j i
. Thus power distribution that will minimize the average SER, when imperfect CSI is presented, can be found with the use of the Lagrange method as [13] :
. Unfortunately, we did not find any explicit solution to solve (63). Therefore, some numerical or suboptimal solutions are necessary to solve it.
Suboptimal solution
In (63) since k β is a function of k p it is difficult to find explicit solution. One simple method to overcome this problem is that the initial power can be approximated as
, so that in this case k β is not a function of k p and,
It means that the initial power distribution is assumed to be uniform, where the power distribution can be attained according to power allocation policies, i. 
where 
can be found by the simple iterative procedure same as sub-section 3.2.2 [13] : It should be noted that, the above power loading can be combined with conventional (equal to before section), robust, or improved robust optimization strategies. In the former cases, the power loadings are similar to conventional power loading in imperfect CSI but THP filters should be calculated according to robust/ improved robust optimization.
Simulation and results
For simulation purposes, K=4 user with 4-QAM signaling are assumed. The entries of Ĥ and H Δ have been assumed to be zero mean i.i.d. complex Gaussian random variables, i.e.,
, respectively. In simulations, in order to compare our results more simply with other contributions, the BER is ploted instead of the SER. Fig. 11 plots the mean BER versus Eb/No for Robust optimization together with conventional optimization for 4QAM modulation. It is observed that the robust optimization has better performance for all channel imperfection values, especially for high SNR. Fig. 12 compares the performance of the proposed improved robust optimization with conventional optimization. As can be realized, the proposed improved robust optimization algorithm substantially outperforms the conventional optimization, over the whole observation data lengths. In fact, the performance is noticeable for smaller Ns, where the channel estimator estimates the channel erroneously, especially for high SNR values. In order to demonstrate the performance of power loading, for simplicity, the suboptimal solution is considered. The validity of the approximation of 
Joint channel estimation and spatial pre-equalization
Traditionally, channel estimation and pre-equalization are optimized separately and independently in which results to performance degradation. This loss may be causing some poor performance, especially, in erroneous conditions, as can be seen from previous section. In [21] Dietrich et. al proposed a new method for joint pilot symbol assisted channel estimation and equalization and applied it to the design of the space-time decision feedback equalizer. Their research was developed in [13] for MIMO-BC-THP system with the assumption of the BLUE, as discussed in sub-section 4.2.2. The authors in [13] extracted the explicit solution for THP optimization with a good performance against to separate design of THP and channel estimator. In this section, their work is extended as joint optimization in which the THP filters are optimized together with the channel estimation conditioned on observation data (with, approximately, the same order of complexity as a separate design). In the other words, in joint optimization, in contrast to separate optimization, the average cost function should be optimized with respect to THP filters and channel estimation, i.e. the expectation is taken with respect to the unknown channel parameters conditioned on the available observation data. It means that in contrast to improved robust optimization in which different channel estimation methods have to be investigated for a given optimized THP to find out the best combination, the best channel estimation can be chosen directly by minimizing the MMSE criterion. As a result, it will be shown that the joint optimization lead to a Linear MMSE (LMMSE) channel estimator and a new structure for THP filters based on the error covariance matrix of the channel estimator.
Channel estimation
By using the Bayesian Gauss-Markov theorem, the Bayesian LMMSE estimator can be obtained for linear model of (49) [20] 
Joint optimization
In conventional THP optimization the error, by using the orthogonality principle of (38), the THP can be optimized in perfect CSI as [11] or in imperfect CSI as [13] in which a specific channel estimator (i.e., BLUE) is assumed and THP is optimized according to this estimator structure (i.e. improved robust optimization). In general aspect, this is not a desired method because it is necessary to select different channel estimators and optimize the THP filters to find the best combination where it is cumbersome work. Nevertheless, in the joint optimization the best channel estimator is determined in which the THP filters and channel estimation can be optimized jointly without any trial method. In this case, since the training sequence and y s are given, the channel can be modelled as a random variable from point of view of the receiver. Thus, the cost function in (38) is a random variable and should be considered as (55), . In order to find a closed form solution for THP filters, it is needed to calculate the conditional mean estimate of H HH T = over observed data, i.e., s y . The matrix T is well known as Gramian matrix where its probability distribution is a Wishart distribution [1] . In order to calculate V , consider the cost function as:
where the lower index stands for Frobenius norm and T is a nonlinear function of s y where should be determined. The minimization of (72) lead to a non-linear conditional mean estimator as [22] : 
where ] ,...,
It is possible to consider each expression in the summation of (73) as [24] :
Since the error k k h h− is statically independent from the observation data, we have:
By substituting the relations (74) and (76) [20] , i.e., this joint optimization lead to a Bayesian LMMSE channel estimator (in the joint optimization, the explicit channel estimation is not needed). In this case, the matrices 
In this case, the error covariance matrix can be computed as [22] : , the relations (80-82) are the same as conventional THP optimization where denoted in [12] and here it is referred to as conventional optimization.
Simulation and results
For simulation purposes, K=4 user with 4-QAM signalling is assumed. The entries of H is assumed to be zero mean i.i.d. complex Gaussian random variables, i.e., CN(0,1) H . Fig.  16 compares the performance of the proposed joint optimization with conventional optimization. As can be realized, the proposed joint optimization algorithm substantially outperforms the conventional optimization, over the whole observation data lengths. In fact, the performance is noticeable for smaller Ns, where the channel estimator estimates the channel erroneously, especially for high SNR values. In order to observe the detailed results more precisely, some of the main part of Fig. 17 is reproduced again in Fig. 18 . 
THP optimization in correlated channel
Mobile channels suffer from multi path fading phenomenon so that it is necessary to adapt the transmitter resources (such as power and rate) with channel characteristics in order to achieve channel capacity. The capacity achieving transmitter adaptation strategy depends on how much CSI is available at the transmitter and the receiver. The use of channel feedback from receiver to transmitter is a standard method in precoding systems, as discussed in previous sections. While knowledge of the channel at the transmitter tends to good performance in precoding systems over slowly time-varying channels, the generation of reliable channel feedback is complicated in fast time-varying channels. This fast time variations impose a significant challenge for precoding design. In order to increase the THP performance in fast time-varying channels, the THP should be optimized in each (or approximately some) symbol time. On the other hand, the generation of reliable channel feedback in each symbol time is complicated in fast time-varying channel and can be led to high bandwidth overhead. From practical implementation point of view, most of the THPs have been designed assuming that the wireless channel can be regarded as constant over a block of data. In mobile applications where the channel is time-varying, the assumption that the channel is constant over some periods only holds approximately and will affects the THP performance that are designed based on this assumption. Hence, a judicious and innovative THP system design that takes the time-varying nature of the channel into account is the key to solve the above problems. Based on previous section on precoding and also works denoted in [25] , this section extend and unify the THP concepts to time-varying MIMO channels, which will allow us to improve mobile systems performance, as well as to provide guidelines for future precoder designs employing low feedback overhead. A first-order Auto-Regressive (AR) model is used to characterize the channel coefficients that vary from symbol to symbol. Although, traditional THP with a perfect channel estimation in each symbol time has an advantage over MIMO channels, new THP design provides a significant advantage over correlated MIMO channels where the volume of feedback dominate to 1/N ( N is data block length).
Correlated channel model
In time-varying channel, it is assumed that the perfect CSI in known at the beginning of each data block, but not during the block. It is desired to optimize THP at time t with the assumption that the outdated CSI, 
Simulation and results
In this section, we illustrate the improvement, in term of average BER, that our proposed MMSE-THP design offers over conventional THP designs that assumes the channel is constant over N symbol time. In order to do that, we use the well-known Jakes model [27] [28] . We further consider the case of a (4, 4) MIMO set-up with 4QAM-modulated data streams. Figures (19a) to (19c) plot the average BER performances for N=5, 10, 20, respectively. Clearly, our robust MMSE-THP design exhibits a lower average BER performance when compared to the conventional design. More specifically, from the figures, it can be observed that the proposed method have more advantage in fast fading over the state-of-the-art design for shorter N where the channel correlation is noticeable. Figures (20a) to (20c) plot the average BER performances for slow, medium, and fast fading, respectively. Observe that for slow fading case, our proposed method has good performance over all values of N while in the fast fading case; the performance is noticeable for shorter Ns.
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